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Antiferromagnetic phase transition in four-layered high-T c superconductors 
Ba 2 Ca 3 Cu40 8 (F ?/ Oi_ 2/ )2 with T c = 55 - 102 K: 63 Cu- and 19 F-NMR studies 
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We report on magnetic characteristics in four-layered high-T c superconductors 
Ba2Ca3Cu408(F !/ Oi_j / )2 with apical fluorine through 63 Cu- and 19 F-NMR measurements. 
The substitution of oxygen for fluorine at the apical site increases the carrier density (iVh) and 
T c from 55 K up to 102 K. The NMR measurements reveal that antiferromagnetic order, which 
can uniformly coexist with superconductivity, exists up to Nh ~ 0.15, which is somewhat 
smaller than ~ 0.17 being the quantum critical point (QCP) for five-layered compounds. 
The fact that the QCP for the four-layered compounds moves to a region of lower carrier 
density than for five-layered ones ensures that the decrease in the number of CuC>2 layers 
makes an interlayer magnetic coupling weaker. 

KEYWORDS: high-Tc superconductivity, copper-oxide, antiferromagnetism, NMR, phase diagram, apical- 
fluorine 



1. Introduction 

Remarkably high superconducting transition tem- 
perature (T c ) in the copper oxides has been realized in a 
multilayered structure of CuC>2 planes. T c depends on the 
number of CuC>2 layers (n) in multilayered compounds 
with a maximum at n — 3. 1 ' In particular, the highest T c 
was observed around 133 K in a Hg-based three-layered 
(n =3) copper oxide HgBa 2 Ca 2 Cu 3 0< / (Hg-1223). 2 ' Cop- 
per oxides with more than three layers comprise inequiva- 
lent types of CuC>2 layers, an outer CuC>2 plane (OP) in a 
five-fold pyramidal coordination, and an inner plane (IP) 
in a four- fold square coordination (see Fig. 1 as example) . 
Site-selective 63 Cu-NMR studies have revealed that the 
local carrier density (iVh) for the IP is smaller than that 
for the OP. These results in turn revealed an intimate 
relationship between antiferromagntism (AFM) and su- 
perconductivity (SC) inherent to Cu02 layers into which 
mobile hole carriers were homogeneously doped. 3 ~ 6 - ) 

The recent systematic Cu-NMR studies on five- 
layered (n — 5) compounds have unraveled that AFM 
order, which can uniformly coexist with SC, is robust 
up to Nh ~ 0.17, a quantum critical point (QCP) where 
the AFM order collapses. 7 ' This result significantly dif- 
fers from the well-established results for mono-layered 
(n = 1) La 2 _ K Sr x Cu0 4 (LSCO) 8 ' and bi-layered (n = 2) 
YBa 2 Cu 3 6+2; (YBCO), 9 ' in which the AFM order col- 
lapses completely by doping extremely small amount of 
holes of N\i ~ 0.02 and 0.055, respectively. These re- 
sults strongly suggest that the QCP of n < 4 moves to 
a region of lower carrier density than that of n = 5. 
Therefore, it is likely that the interlayer magnetic cou- 



pling for an onset of AFM order is enhanced as a number 
of Cu02 layers increases. In order to establish how the 
interlayer magnetic coupling affects the onset of AFM or- 
der, we deal with four-layered high-T c superconductors 
Ba2Ca3Cu408(F !/ Oi_j / )2 with apical fluorine. We note 
that all these compounds are in an underdoped state of 
hole doping regime. 

Ba 2 Ca3Cu408(Fj / Oi_ !; )2 comprises a stack of four 
Cu0 2 layers as illustrated in Fig. 1(a). It is known as a 
new family of multilayered copper oxides with apical flu- 
orine. 10 ~ 12 ) Substitution of oxygen for apical fluorine, i.e. 
a decrease in nominal fluorine content (y) results in dop- 
ing holes into Cu02 layers, increasing T c from 55 K at 
y = 1.0 to 102 K at y = 0.6 as indicated in Fig.l(b). n) 
This system provides an opportunity to investigate the 
characteristics of Cu02 layers over a wide range of carrier 
density, especially enabling us to focus on the interplay of 
SC and AFM in an underdoped region. 13 ~ 21 ) We reported 
in the literature 22 ' that self-doping occurred at y = 1.0 
to realize superconductivity. For a nominal content at 
y = 1.0, if the apical site of OP were fully occupied by 
F _1 , the formal Cu valence would be just +2 and hence a 
Mott insulator; however, it exhibits SC. The occurrence 
of the SC at y = 1.0 was argued in terms of a self-doping 
model wherein charge carriers were transferred between 
IP and OP. 22 ~ 24 ' These discussions, however, were based 
on a simple assumption that all the apical sites were 
occupied by F _1 . Since then, a bi-layered apical-F com- 
pound Ba2CaCu204F2 has also been synthesized; it ex- 
hibits SC with T c = 73 K. 25 ' The self-doping mechanism 
cannot apply to this compound because it has no IPs. 
We, therefore, have conducted NMR studies on the bi- 
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Fig. 1. (color online) (a) Crystal structure of 

Ba2Ca3Cu4C'8(Fj / Oi_j / )2. This four-layered system in- 
cludes two crystallographically different Cu02 planes, namely, 
IP and OP. (b) T c vs. fluorine content J/. 11 ) It shows that the 
substitution of oxygen for fluorine results in doping hole carriers 
into CUO2 layers 



layered system to confirm that the self-doping mechanism 
did not occur, and that all multilayered compounds with 
the apical fluorine were doped by hole carriers irrespec- 
tive of y. For y = 1.0, it was anticipated that a possible 
replacement of 0~ 2 for F _1 and/or excess oxygen in the 
BaF layers resulted in doping hole carriers into Cu0 2 
layers. 26 ' 

In this paper, we report systematic 63 Cu- and 19 F- 
NMR studies on Ba 2 Ca 3 Cu40 8 (Fj / Oi„ y )2 with y = 0.6, 
0.7, 0.8 and 1.0 as each nominal content. Measurements 
of 63 Cu Knight shift ( 63 K) have revealed that hole car- 
rier density (iVjJ increases progressively with decreasing 
y. The substitution of oxygen for fluorine at the apical 
site increases iVh and T c from 55 K up to 102 K. The 
measurements of 63 Cu-NMR spectra and nuclear-spin- 
lattice-relaxation rate of 19 F-NMR ( 19 (l/Ti)) unravel 
that an AFM order, which can uniformly coexist with 
SC, exists up to Nh — 0.15 being a QCP for the four- 
layered compounds. From the fact that the QCP of the 
four-layered compounds moves to a region of lower car- 
rier density than that of the five-layered ones, Nh ~ 0.17, 
it is ensured that the decrease in the number of Cu02 
layers makes an interlayer magnetic coupling weaker. 
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2. Experimental 

Polycrystalline powder samples of all multilay- 
ered systems used in this study were prepared by a 
high-pressure synthesis technique, as described else- 
where. 10 ~ 12 ) Powder X-ray diffraction measurements in- 
dicate that these compounds almost entirely comprise 
a single phase, and that the a-axis length continually 
changes with the nominal fluorine content y. 11 ' The T c 
was uniquely determined by a sharp onset of diamag- 
netism using a dc SQUID magnetometer as summarized 
in Table I. For NMR measurements, the powder samples 
were aligned along the c-axis at an external field (H) of 
~ 16 T, and fixed using stycast 1266 epoxy. The NMR 
experiments were performed by the conventional spin- 
echo method in a temperature (T) range of 1.5 — 300 K 
with H perpendicular or parallel to the c-axis. 

3. Results and Discussions 

3.1 Knight shift and local carrier density 

Figure 2 indicates typical 63 Cu-NMR spectra of the 
central transition (1/2 -1/2) for (a) y = 0.6, (b) 
y = 0.7, (c) y = 0.8, and (d) y = 1.0. The field-swept 
NMR spectra were measured at H perpendicular to the 
c-axis. The NMR spectral widths for the samples at room 
temperature are as narrow as that of Hg-1245, 5 ' 7 -' assur- 
ing the high quality of the samples. The Cu-NMR spectra 
for OP and IP are separately detected at y = 0.6, whereas 
the IP's spectra for y = 0.7 and 0.8 disappear at low tem- 
peratures due to the development of AFM correlations 
upon cooling as well as the case for the five-layered Hg- 
or Tl-based compounds. 5 ' 7 - ) Surprisingly, the NMR spec- 
trum of OP at y — 1.0 also disappears at low tempera- 
tures, as shown in Fig. 2(d), suggesting an onset of AFM 
order at the OP. The systematic variation of the NMR 
spectra indicates that Ba2Ca3Cu408(F y Oi_ y )2 becomes 
underdoped as the nominal fluorine content y increases, 
which ensures that the substitution of oxygen for the 
apical fluorine increases Nh- 



Table I. Lists of T c and N h at the OP and IP of 
Ba2Ca3Cu40s(F !/ Oi_y)2. is estimated from the K B (T) at 
room temperature (see text). is an average of the carrier den- 
sity, defined as (A^OP) + AT h (IP))/2. Note that y is nominal 



fluorine contents. 





y = 0.6 


y = 0.7 


y = 0.8 


y = l.o 


T 


102 K 


91 K 


77 K 


55 K 


N h [OP] 


+ 0.207 


+ 0.189 


+ 0.167 


+ 0.148 


[IP] 


+ 0.165 


+ 0.150 


+ 0.144 


*(+ 0.132) 


N h 


+ 0.186 


+ 0.170 


+ 0.156 


*(+ 0.140) 



*) N h = 0.140 at y=1.0 is estimated at 7V h (OP)=0.148 on a linear 
line in the plot of ^(OP) vs JVh (see Fig. 3). A linear extrap- 
olation in the plot in A r h (IP) vs. N h gives a tentative value of 
A r j 1 (IP)=0.132 at ATh = 0.140, since it cannot be estimated directly 
from the K S (T) at IP at y = 1 (see an open circle in Fig. 3 and the 
text). 
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Fig. 2. (color online) 63 Cu-NMR spectra of the central transition 
(1/2 -1/2) for (a) y = 0.6, (b) y = 0.7, (c) y = 0.8, and (d) 
y = 1.0. The temperature dependence of the Knight shift with 
H perpendicular to the c-axis for (e) y = 0.6, (f) y = 0.7, (g) 
y = 0.8, and (h) y = 1.0. 



in the plot of iVh(IP) versus Nh gives a tentative value of 
iV h (IP)=0.132 at TVh = 0.140. As summarized in Table 
I, the increase of TVh(OP) and A^h(IP) with increasing a 
nominal oxygen content at the apical site increases T c 
from 55 K to 102 K. 
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Fig. 3. (color online) Plots of A r h(OP) and JVh(IP) against aver- 
aged carrier density iV^, denned as (JV h (OP)+JV h (IP))/2. Here 
JVh(OP) and JVh(IP) are determined from the Knight shift mea- 
surement (see text). = 0.140 at y=l.O is estimated from 
jV h (OP) = 0.148 on a linear line in the plot of JV h (OP) versus 
JVh' A linear extrapolation in the plots in A^IP) versus gives 
a tentative value of AT h (IP) = 0.132 at = 0.140. 



In general, the Knight shift (K) comprises the In- 
dependent spin part (K S (T)) and the T-independent or- 
bital part (i^orb)i K = K S (T) + K mh . Here, -fT or b was de- 
termined as 0.23 (±0.02)%, assuming K s ss in the T = 
limit. The T dependences of K S (T) with H perpendic- 
ular to the c-axis are displayed in Figs. 2(e), (f),(g), and 
(h) for y = 0.6, 0.7, 0.8, and 1.0, respectively. The K S {T) 
decreases upon cooling down to T c for all samples in as- 
sociation with an opening of pseudogap, 27, 28 ^ whereas its 
steep decrease below T c evidences the reduction of spin 
susceptibility due to the formation of spin-singlet pair- 
ing. We note that the empirical relation between K S (T) 
at room temperature and the in a CuC>2 plane 29 ' 30 ' 
allows us to evaluate Nh.s at OP and IP for the four sam- 
ples, which are summarized in Table I along with the T c 
and the averaged carrier density Nh., defined as (iVh(OP) 
+ iV h (IP))/2. Figure 3 indicates the plot of N h s at IP 
and OP against The iVh(IP) at y = 1.0, however, 
was not directly estimated from the K S (T), because the 
Cu-NMR spectrum was not detected at room tempera- 
ture. Instead, N b = 0.140 at y = 1.0 is estimated from 
AT h (OP)=0.148 on a linear line in the plot of N h (OP) 
versus ./Vh in Fig. 3. Furthermore, a linear extrapolation 



3.2 Zero-field NMR evidence of AFM order 

We deal with the AFM order taking place in the ud- 
erdoped Cu02 layers. The observation of zero-field NMR 
(ZFNMR) spectra enables us to assure an onset of an 
AFM order, since magnetically ordered moments induce 
internal magnetic field H lnii at nuclear sites. Generally, 
the Hamiltonian for Cu nuclear spin with I = 3/2 is de- 
scribed by the Zeeman interaction due to magnetic field 
H (Hz) and the nuclear-quadrupole interaction (Hq) as 
follows: 



H = Hz+Hq = -^M-H- 



e 2 qQ 



41(21 - 1 



-(3/ 2 -1(1+1)), 
(1) 

where 7n is the Cu nuclear gyromagnetic ratio, eQ is the 
nuclear quadrupole moment, and eq is the electric field 
gradient (EFG) at the Cu nuclear site. Here, in the Hq, 
an asymmetric parameter (77) is zero in the tetragonal 
symmetry. Note that the nuclear quadrupole resonance 
(NQR) frequency v Q = 3e 2 qQ/2hI(2I - 1). The nuclear 
Hamiltonian given by eq.(l) is described with H lrA in- 
stead of H for zero-field experiments. 

Figure 4(a) indicates the Cu-NQR spectrum at y = 
0.6. Respective 63 ^qs are evaluated as 9.7 and 15 MHz at 
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Fig. 4. (color online) Cu-NQR/ZFNMR spectra at H = and 
T =1.5 K. (a) The respective Cu-NQR spectra at IP and OP 
for y = 0.6 with 63 ^qs = 9.7 and 15 MHz. Two sharp peaks at 
20—25 MHz arise from unknown impurity phases, (b) The Cu- 
NQR/ZFNMR spectra at y = 0.7. The NQR spectrum for the 
OP is observed with almost the same 63 as that of the OP 
at y = 0.6. The NQR spectrum at IP(i) is observed at 9.1 MHz 
that is close to 63 fQ = 9.7 MHz of the IP at y = 0.6, whereas 
the ZFNMR spectrum at IP(ii) probes the internal field Hi nt = 
2.4 T due to the AFM order. The fact that the IP(i) and IP(ii) 
originate from a paramagnetic phase and an AFM phase, respec- 
tively suggests that the phase separation takes place because of 
the closeness to the QCP at which the AFM collapses, (c) The 
Cu-NQR/ZFNMR spectra at y = 0.8. The NQR spectrum for 
the OP is observed at almost the same frequency as that of the 
OP at y = 0.6, revealing that no spontaneous moment is in- 
duced at low temperatures. The spectrum observed around 28 
MHz arises from the IP with H int ~ 2.4T and hence the AFM 
moment Af AFM ~ 0.12 fi B . (d) The Cu-NMR spectra at y = 1.0 
with H int ~ 2.7 T and 3.8 T for the OP and IP, respectively. 
Here, Mapm = 0.11 fiB and 0.18 fiB are estimated for the OP 
and IP, respectively. 



the IP and OP, which are comparable to ~ 8—10 MHz 
and ~ 16 MHz for five-layered systems. 3 ~ 5 ) Here, the 
sharp 63 Gu- and 65 Cu-NQR spectral widths at 63 v Q = 
22.5 and 65 vq — 20.8 MHz are as narrow as about 400 
kHz. These NQR spectra qualitatively differ from those 
reported for various copper oxides. 31 ~ 34 ) Integrated in- 
tensities of these NQR spectra are an order of magnitude 
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smaller than those for the intrinsic phase, which suggests 
that these NQR spectra arise from some impurity phases 
containing copper such as starting materials prepared for 
the sample synthesis, and intermediate products in the 
high-pressure synthesis. 10 ' n ' 35 ) 

Figure 4(b) indicates the Cu-NQR/ZFNMR spectra 
at y = 0.7. The NQR spectrum for OP is observed with 
almost the same 63 i / q as that of the OP at y = 0.6. Note 
that the respective NQR and ZFNMR spectra at IP(i) 
and IP(ii) arise from IP. The NQR spectrum at IP(i) is 
observed at 9.1 MHz that is close to 63 ^ Q = 9.7 MHz 
of the IP at y = 0.6, whereas the ZFNMR spectrum at 
IP(ii) is observed at ~ 18 MHz. Assuming 63 vq = 9.1 
MHz, H int ~l-5 T is estimated for the IP(ii). The H int 
at Cu02 plane is generally given by H mt = \A a { |Mafm = 
\A — 4£?|A/afm, where A and B are the on-site hyper- 
fine field and the supertransferred hyperfine field from 
the four nearest neighboring Cu-AFM moments, respec- 
tively, and M A fm is the AFM moment. 36 ) Here A ~ 3.7 
T//x B , B(OP) ~ 7.4 T//x B , and B{IP) ~ 6.1 T//x B are 
assumed to be the same as those for Hg-1245. 5 -' Using 
these values, a uniform AFM moment at the IP(ii) is es- 
timated at Mafm(IP) ~ 0.08 /zb for an AFM phase at 
y = 0.7. The fact that IP(i) and IP (ii) originate from 
a paramagnetic phase and an AFM phase, respectively, 
suggests that the phase separation takes place because 
of the closeness to the QCP at which the AFM collapses. 
The presence of the phase separation probably imply that 
the AFM critical point could be close to N a ~ 0.15. 

Figure 4(c) indicates the Cu-NQR/ZFNMR spectra 
at y = 0.8. A spectrum observed around 14.4 MHz arises 
from OP since its peak frequency is almost the same fre- 
quency as 63 ^q = 15 MHz for the OP at y = 0.6. Accord- 
ingly, another spectrum around 28 MHz is assigned to 
arise from IP. Using above-mentioned parameters, H lnt ~ 
2.4 T and M A fm(IP) ~ 0.12 ^ B are estimated for the IP 
at y = 0.8. 

Figure 4(d) indicates the Cu-ZFNMR spectra ob- 
served around 30 and 45 MHz at H = for y = 1.0. 
When noting that ZFNMR spectra are absent around 
63 i/ Q (IP) =8-10 MHz and 63 ^ Q (OP) = 14 ~ 16 
MHz, the observation of the NMR spectra around 30 
MHz and 45 MHz demonstrates that iJ; n tS are present 
at the respective IP and OP with H lu _t ~ 3.8 T and 2.7 
T. Since AT h (OP) > A/h(IP) due to the charge imbalance 
between OP and IP and hence Mafm(OP) < Mafm(IP), 
Mafm(OP) - 0.11 and M AF m(IP)~0.18 ^ b are evalu- 
ated at the OP and IP, respectively, using the relation of 
Hint = \A M |A/afm = \A - AB\M AFM . Notably, the OP, 
which is mainly responsible for the SC with T c = 55 K, 
manifests the AFM order, leading us to a conclusion that 
the uniform mixing of AFM with Mafm = 0.11 /xb and 
SC at T c = 55 K occurs in the OP as well as in the three 
IPs of the five-layered systems. 7 ) 
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Fig. 5. (color online) The temperature dependences of 19 (1/Ti)s 
for (a) y = 0.6, (b) y = 0.7, (c) y = 0.8, and (d) y = 1.0 
at an NMR frequency 174.2 MHz and H parallel to the c-axis. 
For (a) y = 0.6, a reason that 1/Ti increases upon cooling is 
associated with the development of magnetic correlations at low 
temperatures. For (b) y = 0.7 and (c) y = 0.8, 1/Ti exhibits a 
peak at Tn ~ 30 K and Tn ~ 50 K, respectively, (d) There are a 
distinct peak in 1/Ti at T^ ~ 80 K and a significant one at T^ ~ 
30 K. The AFM order inherent to the OP responsible for SC 
is presumably developed below T^, exhibiting the spontaneous 
AFM moment of Mapm(OP) ~ 0.11 fiB at low temperatures. 



3.3 19 F- NMR probe of N eel temperature 

Neel temperatures (Tns) at y = 0.7, 0.8 and 1.0 
are determined by the 19 F-Ti measurement, which sen- 
sitively probes critical magnetic fluctuations developing 
at OP and IP as the system approaches an AFM order. 
Generally, 1/Ti is described as follow; 

1 _ 2^k B T x ^ 2 Im[x(g,w )] 



OJQ 



(2) 



where A q is the wave-vector (q)-dependent hyperfine- 
coupling constant, x(<7,^) is the dynamical spin suscep- 
tibility, and o;n is the NMR frequency. The T dependence 
of 1 /T\ shows a peak at Tn because the low-energy spec- 
tral weight in \{q = Q, is strongly enhanced around 
ojo ~ in association with a divergence of magnetic cor- 
relation length at T ~ Tn. Here Q is the AFM wave 
vector (vr/a, n/a). 19 (l/Ti) for all samples are presented 



in Fig. 5. In the present case, the relaxation processes in 
1/Ti compose of quasiparticle contributions probing the 
onset of SC and the magnetic one probing magnetic fluc- 
tuations. However, we consider that the former is negli- 
gible in the case of 1/Ti at the apical site; in fact, it has 
been reported 1/Ti at the apical oxygen by 17 0-NMR 
did not change drastically at T c 37 ) because of the very 
small hyperfine-coupling constant with the quasiparticlcs 
in Cu02 layers. In this context, 19 (l/Ti) is expected to 
be dominated by magnetic fluctuations. 

Respective figures 5(b) and (c) show the T depen- 
dences of 19 (l/Ti)s at y = 0.7 and 0.8, exhibiting the 
peaks at ~ 30 K and 50 K. This result ensures the AFM 
order at T N = 30 and 50 K for the IP(ii) at y = 0.7 and 
the IP at y — 0.8 with the spontaneous AFM moment 
of M A p M (IP(ii)) ~ 0.08 hb and A/afm(IP) ~ 0.12 fi B , 
respectively. Note that the absence of a peak in 1 /Ti at 
y = 0.6 evidences that this compound is in a param- 
agnetic state down to 4.2 K. As shown in Fig. 5(d) for 
y = 1.0, there are a distinct peak in 1/Ti at Tn ~ 80 
K and a significant one at ~ 30 K. The AFM order 
inherent to the OP responsible for SC is presumably de- 
veloped below T N ~ 30 K, exhibiting the spontaneous 
AFM moment of Mafm(OP) -~0.il /j,b at low tempera- 
tures. This suggests that the SC uniformly coexists with 
the AFM order in a single Cu0 2 plane with N h ~ 0.148. 
Since iV h (IP) < A h (OP) and M AFM (IP) > M A fm(OP), 
the Tsr at the IP becomes larger than at the OP. It is 
noteworthy that T N ~ 30 K for the OP at y=1.0 is com- 
parable to the Tn ~ 30 K for the IP(ii) at y = 0.7 because 
both layers possess almost the same A^- 

3.4 Phase diagram of AFM and SC 

Figure 6 reveals a phase diagram of AFM and SC as 
a function of Ah where T c and Tn(T^) arc plotted against 
Ah for the OPs and IPs of the four-layered superconduc- 
tors Ba 2 Ca 3 Cu40 8 (F a Oi_ y ) at y=0.G, 0.7, 0.8, and 1.0. 
We remark that the uniform mixing of AFM (Tn = 30 
K) and SC (T c = 55 K) was observed for the OP at y 
= 1.0, which strongly suggests that it is a general prop- 
erty inherent to a single Cu02 plane in the underdoped 
regime for hole-doping. It has been reported in the liter- 
atures 4 ' 7 ) that a bulk T c in multilayered compounds was 
determined by the T c of OP and that the T c of IP was 
significantly lower than a bulk T c due to the lower Ah at 
IP. In the phase diagram in Fig. 6, the QCP in the four- 
layered system is obtained at Ah ~ 0.15 smaller than 
Ah ~ 0.17 for the five-layered system, 7 ) suggesting that 
the interlayer magnetic coupling of the four-layered com- 
pound is smaller than that of the five-layered compound. 
The phase diagrams of AFM and SC in multilayered sys- 
tems are remarkably different from the well-established 
ones for LSCO (n = 1) 8) and YBCO (n = 2), 9 ) where 
the AFM order totally collapses by doping very small 
amount of holes with Ah ~ 0.02 and Ah ~ 0.055, respec- 
tively. The reason that the AFM phase exists up to Ah 
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~ 0.15 and 0.17 in the four- and five-layered compounds, 
respectively, is because the interlayer magnetic couplings 
are stronger than in LSCO or YBCO due to the existence 
of the homogeneously underdopcd IPs. 
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Fig. 6. (color online) A phase diagram of AFM and SC as a 
function of hole carrier density JVj, . T c (indicated by open circle) 
and Tn (closed circle) are plotted against N h for the OPs and IPs 
of Ba 2 Ca3Cu408(F B Oi_y) at y = 0.6, 0.7, 0.8 and 1.0. N h was 
determined from the Knight shift measurement (see the text). 
The T c ~ 70 K for the IP at y = 0.6, that is shown by black 
cross (+) was determined from a small peak at T ~ 70 K in 
the T derivative of the Knight shift (dK/dT) as well as in the 
literatures. 3 ' 7 ^ Note that the uniform mixing of AFM (Tn = 30 
K) and SC (T c = 55 K) takes place at the OP at y = 1.0. This 
result strongly suggests that it is a general property inherent to a 
single Cu02 plane in the underdoped regime for hole-doping. 6, 7 ' 



4. Summary 

The extensive Cu-NMR/NQR and F-NMR mea- 
surements on the four-layered high-T c superconductors 
Ba2Ca3Cu408(Fj,Oi_j,) have unraveled the systematic 
evolution of AFM and SC as the function of hole carrier 
density Ah; T c and Tn are controlled by the substitution 
of oxygen for fluorine at the apical site. It is demon- 
strated that the AFM order, which can uniformly coex- 
ist with SC, exists up to Ah ~ 0.15, reinforcing that the 
uniform mixing of AFM and SC is a general property in- 
herent to a single Cu02 plane in the underdoped regime 
for hole-doping. Ah ~ 0.15 at QCP for the four-layered 
compounds is somewhat smaller than Ah ~ 0.17 for the 
five-layered compounds. The fact that the QCP for the 
four-layered compounds moves to a region of lower car- 
rier density than for the five-layered compounds ensures 
that the decrease in the number of Cu02 layers makes an 
interlayer magnetic coupling weaker. The present stud- 



ies have highlighted the intimate evolution of AFM and 
SC in the phase diagram inherent to the homogeneously 
doped Cu02 plane, which depends on the interlayer mag- 
netic coupling significantly. 
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